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Wnt proteins transmit myriad intercellular signals crucial for the development and homeostasis of metazoan animals from
Hydra to human. Abnormal Wnt signaling causes a growing number of diseases, including cancer and osteoporosis.
Depending on the context, a given Wnt signal may denote: cell proliferation or apoptosis; cell fate determination,
differentiation, or stem cell maintenance; a variety of changes in cell behavior; and/or coordinated interactions with its
neighbors. Which event(s) occur in Wnt-responsive cells depends critically on the ability of Dishevelled (Dsh)/Dvl proteins
to interpret distinct types of intracellular, receptor-generated stimuli and transmit them to at least two distinct sets of
effector molecules, all while apparently ignoring a third type of Wnt-generated Ca2 signal. The three conserved domains
present in Dsh/Dvl proteins uniquely function in each Wnt pathway, in part by association with 18 (and counting)
Dsh/Dvl-associated proteins. The latest data suggest that Dsh/Dvl proteins organize dynamic, pathway-specific subcellular
signaling complexes that ensure correct information routing, signal amplification, and dynamic control through feedback
regulation. The biochemical and cell biological mechanisms by which Dsh/Dvl proteins accomplish these remarkable tasks
remain obscure. © 2003 Elsevier Science (USA)
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To the modern biologist, a “pleasant” discovery reveals a
previously unknown molecular mechanism. Study of signal
transmission by secreted Wnt proteins in a variety of
metazoan organisms and contexts over the past two decades
has revealed an extensive, yet still incomplete, cast of gene
and protein characters. By contrast, our view of the elabo-
rate cellular stages upon which they regularly perform is
often colorful but woefully fuzzy. The Dsh/Dvl protein
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All rights reserved.family is a critical yet perhaps the most enigmatic of these
characters. If one’s persona is revealed by the company they
keep, then we should view the recent identification of 18
proteins that are “runnin’ with the Dvl” (i.e., Dsh/Dvl-
associated proteins, or DAPs) as pleasant. Not so fast.
Wnt proteins initiate at least three qualitatively distinct
signaling pathways, here termed “Wnt/-catenin,” “planar
cell polarity–convergent extension (PCP-CE),” and “tissue
separation” (Fig. 1) (Adler, 2002; Keller et al., 2000; Peifer and
Polakis, 2000; Winklbauer et al., 2001). Wnts initiate signaling
events by their binding to cognate Frizzled (Fz) seven-pass
transmembrane receptors (Bhanot et al., 1996; Vinson et al.,
1989). LDL Receptor-related Protein family (LRP) proteins,
including LRP5/6 and Drosophila Arrow, are Fz coreceptors in
Wnt/-catenin signaling (Bafico et al., 2001; Li et al., 2002;
Mao et al., 2001; Pinson et al., 2000; Tamai et al., 2000;
Wehrli et al., 2000). Mammals harbor 18 Wnt genes and at
least half that many different Fz receptor genes (see http://
1
www.stanford.edu/rnusse/wntwindow.html). The path-
ways then diverge, depending on the Wnt/Fz combination
and context of signaling.
In the Wnt/-catenin pathway, Dsh/Dvl (hereafter re-
ferred to as Dsh) links Wnt/Fz engagement to the inactiva-
tion and dissolution of a cytoplasmic protein complex (the
“destruction complex”) that phosphorylates -catenin [or
its fly homolog, Armadillo (Arm)], leading to its polyubiq-
uitination and degradation by the 26S proteasome (Aberle et
al., 1997; Peifer et al., 1994; Rubinfeld et al., 1996). Wnt/Fz
binding leads to -catenin accumulation, nuclear translo-
cation, and interaction with lymphoid enhancer-binding
factor/T cell-specific transcription factor (Lef/Tcf) family
sequence-specific DNA binding proteins to regulate the
expression of genes that harbor Wnt-responsive sequence
elements (Brantjes et al., 2002). The potential medical
importance of this Wnt pathway cannot be underestimated:
a significant fraction of dozens of human tumor types
exhibit high levels of -catenin, a subset of which have been
attributed mutations in Wnt pathway genes, including
Adenomatous Polyposis Coli (APC), Axin, and -catenin
itself, that encode components of the -catenin destruction
complex (Morin, 1999; Morin et al., 1997; Munemitsu et
al., 1995; Polakis, 2000; Satoh et al., 2000). Therapies
targeting -catenin or its key target genes hold much
promise for future experimental cancer treatments.
Dsh was discovered based on the phenotype of a recessive
viable allele (dsh1) in the fruit fly Drosophila melanogaster
(Fahmy and Fahmy, 1959), although complete loss of dsh
gene activity results in embryonic lethal phenotypes that
mimic loss of the Wnt protein Wingless (Wg) (Perrimon and
Mahowald, 1987). dsh1 animals display defects in the ori-
entation of photoreceptor (eye) cell clusters, sensory
bristles, and wing cell protrusions (trichomes) that collec-
tively mimic an unkept, or dishevelled, state (Krasnow et
al., 1995). Similar yet distinct defects are caused by muta-
tions in a growing list of genes termed “tissue polarity” or
PCP genes (Adler, 2002). In contrast to the -catenin path-
way, which can lead in a linear fashion to changes in Wnt
target gene expression, recent investigations of PCP signal-
ing have revealed a complex tissue-specific inter- and intra-
cellular signaling relay that requires differential subcellular
localization of core PCP components as well as other
signaling and adhesion molecules (Axelrod, 2001; Das et al.,
2002; Strutt et al., 2002; Strutt, 2001; Tree et al., 2002; Usui
et al., 1999). The coordinated convergence–extension (CE)
movements that elongate columns of mesodermal and
neuroectodermal cells during gastrulation have emerged as
one morphogenetic process in vertebrates that appears
homologous to Drosophila PCP signaling (Adler, 2002;
Keller et al., 2000; Wallingford and Harland, 2001; Walling-
ford et al., 2000). No specific Wnt protein has yet been
implicated in Drosophila PCP signaling, but mutation in
the Wnt11/silberblick gene specifically disrupts CE signal-
ing in zebrafish development (Heisenberg et al., 2000).
Mounting evidence links PCP-CE signaling to the activa-
tion of RhoA (a small G protein that links numerous
signaling pathways to cell membrane dynamics), which in
turn can activate kinase pathways mediated by JNK (Jun
N-terminal kinase) (Boutros et al., 1998) and the RhoA-
associated kinase ROCK/DRok. (Habas et al., 2001; Strutt
et al., 1997; Winter et al., 2001).
The most recently described Wnt pathway, “tissue sepa-
ration,” regulates the adhesive properties of gastrulating
amphibian cells yet did not appear to exploit any of the
proteins downstream of Fz that are used in Wnt/-catenin
or PCP-CE signaling (Winklbauer et al., 2001). Rather, this
pathway generates Ca2 fluxes and activates protein kinase
C, and may be the same “Wnt/Ca2 pathway” originally
deduced from misexpression studies in Xenopus and ze-
brafish (Kuhl et al., 2000b). In addition, this pathway may
exploit known Ca2-dependent transcription factors to
specify cell fates in a manner analogous to the -catenin
pathway (Kuhl et al., 2000a; Saneyoshi et al., 2002). Dsh/
Dvl proteins are thus a node between Wnt/-catenin and
PCP signaling, yet, in spite of their ubiquitous expression,
may be blind to some Fz-generated signals that can mediate
tissue separation and perhaps other Wnt-dependent events
(Boutros and Mlodzik, 1999).
Much effort has been directed at understanding (what
many would consider) the key event in Wnt/-catenin
signaling—-catenin destruction. Our view of Dsh action is
by contrast murkier than ever, with little understood about
its molecular functions (Boutros and Mlodzik, 1999). Here,
I review the structure and roles of the 3 conserved domains
in Dsh proteins and the 18 proteins that have been reported
FIG. 1. Wnt pathways, highly simplified. Wnt proteins bind to Fz
receptors on the surface of responsive cells. Fz receptors and LRP
coreceptors transmit the signal to one of the three (or more)
pathways. One pathway (left) generates Ca2 fluxes and activates
protein kinase C to promote tissue separation and ventral axis
identity in Xenopus embryos (Saneyoshi et al., 2002; Winklbauer et
al., 2001). Distinct signal(s) travel through Dishevelled (Dsh)/Dvl
proteins to either regulate planar cell polarity and convergent
extension movements (PCP-CE) or to promote the accumulation of
-catenin (Boutros and Mlodzik, 1999). An alternate pathway may
act through LRP, bypass Dsh, and regulate -catenin directly
(curved arrow) (Li et al., 2002).
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to bind Dsh. The emerging data suggest that Dsh is the core
of a large, variably composed multiprotein complex that
ensures correct Wnt signal routing and amplification
through pathway-specific effectors as well as dynamic con-
trol through feedback regulation.
DSH/DVL STRUCTURE AND FUNCTION
Drosophila Dsh was the first member of the Dsh protein
family cloned (Klingensmith et al., 1994; Theisen et al.,
1994). Dsh proteins have been identified in all model
organisms that employ Wnt signals, including Hydra, Cae-
norhabditis elegans, Xenopus, mouse, and human.
Examination of Dsh/Dvl protein sequence alignments
revealed three conserved domains termed DIX, PDZ, and
DEP (Fig. 2) (Boutros and Mlodzik, 1999; Semenov and
Snyder, 1997; Zeng et al., 1997). In addition, there are
conserved regions harboring positively charged (basic)
amino acid residues, several probable phosphorylation sites
FIG. 2. Dsh/Dvl domain structure and DAPs. Dsh/Dvl proteins
are conserved in metazoan evolution, each protein 600–700
amino acids and harboring conserved DIX, basic (b), PDZ, and DEP
domains. Arrows connect each putative Dsh/Dvl-associated pro-
tein with the approximate region on Dsh that they can bind. See
text and Table 1 for details.
TABLE 1
Dishevelled/Dvl-Associated Proteins
Species Motif(s) Binds Role Assay Ref(s).
Kinases/Phosphatases
CK1 W,F,V kinase PDZ  OEP (Peters et al., 1999)
(Sakanaka et al., 1999)
CK2 W,F,V kinase includes PDZ /? BP (Willert et al., 1997)
Par-1 W,F,V kinase basic  BP (Sun et al., 2001)
MuSK (W,F)*, V 1TM kinase DEP  Y2H (Luo et al., 2002)
PAK W,F,V kinase DIXPDZ  IP (Luo et al., 2002)
PP2C W,F,V phosphatase PDZ  Y2H (Strovel et al., 2000)
-Catenin pathway
Axin W,F,V DIX,RGS DIXPDZ  Y2H, IP See text
Nkd F,V EFX basicPDZ  Y2H (Rousset et al., 2001)
(Yan et al., 2001a)
GBP/Frat V FRATide PDZ  IP (Li et al., 1999a)
Idax F,V Cys-rich PDZ  Y2H (Hino et al., 2001)
Frodo/Dpr V LZ, PDZc DIX/PDZ  Y2H (Cheyette et al., 2002)
(Gloy et al., 2002)
PCP-CE pathway
Vang/Stbm W,F,V 4TM, PDZc PDZ  IP (Park and Moon, 2001)
Prickle W,F,V PET, Lim PDZDEP ? GST (Tree et al., 2002)
Daam1 W,F,V FH DEP  Y2H (Habas et al., 2001)
Other pathways
Notch W,F,V 1TM PDZ  Y2H (Axelrod et al., 1996)
-Arrestin W,F,V Arrestin PDZ  Y2H (Chen et al., 2001)
Eps8 W,F,V SH2/SH3/PTB/PH PDZ  Y2H (Inobe et al., 1999)
Note. Species, species in which homologs exist: W, the worm C. elegans; F, the fruit fly Drosophila; V, vertebrate; *, unclear whether fly and
vertebrate homologs are functional MuSK orthologs. Motif, protein motifs: DIX, RGS, EFX, Cys-rich, PET, Lim, explained in text; LZ, leucine
zipper; PDZc, consensus PDZ-binding peptide; 4TM, four-transmembrane domains; FH, formin homology; ITM, one-transmembrane domain.
Binds, part of Dsh that DAP binds: DIX, basic, PDZ, DEP; “” means adjacent sequences are required.
Role, whether DAP was inferred to positively () or negatively () regulate signal transmission.
Assay, method used to first demonstrate or discover direct interaction with Dsh/Dvl: OEP, overexpression phenotype; BP, biochemical
purification; IP, immunoprecipitation; GST, glutathione S-transferase fusion protein pulldown assay; Y2H, yeast two-hybrid assay.
References, only references in which binding to Dsh/Dvl was reported are listed.
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comprised of conserved serine and threonine residues, and a
proline-rich putative Src homology 3 (SH3) binding domain
(Penton et al., 2002). To begin to understand the roles for
these domains, genetic, biochemical, and “structure–
function” studies have been reported in several experimen-
tal systems: vertebrate and invertebrate, cultured cells, and
live animals. The key findings of the early studies have
been extensively cited and reviewed (Boutros and Mlodzik,
1999). Although the conclusions of these studies are not
completely concordant—perhaps due to differences the as-
says employed (e.g., -catenin-dependent transcription vs a
-catenin-dependent developmental process), distinct pro-
tein or domain requirements in each assay, variable expres-
sion levels of the mutant protein, or even different mutant
construct boundaries—they nonetheless have suggested
that each of the 3 domains is important for both Wnt/-
catenin and PCP-CE pathway activity.
DIX Domain
The most N-terminal Dsh/Dvl conserved domain con-
tains 80 amino acids and is termed the DIX domain based
on its conservation only in DIshevelled and AXin (Zeng et
al., 1997). Its three-dimensional structure has not been
reported (but see note added in proof).
Like Dsh, Axin—and Axin paralogs including XARP and
conductin—perform a scaffolding function in the Wnt/-
catenin pathway by virtue of their association with proteins
important for -catenin phosphorylation, including glyco-
gen synthase kinase 3 (GSK3), CK1, APC, and -catenin
(Behrens et al., 1998; Hart et al., 1998; Ikeda et al., 1998;
Itoh et al., 1998; Kishida et al., 1998; Liu et al., 2002;
Nakamura et al., 1998; Sakanaka et al., 1998). In contrast to
dsh, loss of axin in worms, flies, and vertebrates results in
-catenin accumulation and phenotypes indicative of ex-
cess signaling (Gleason et al., 2002; Hamada et al., 1999;
Korswagen et al., 2002; Willert et al., 1999a; Zeng et al.,
1997). Axin fragments that include the DIX domain medi-
ate in vitro and in vivo association both with Axin itself and
with Dsh (Hsu et al., 1999; Itoh et al., 2000; Julius et al.,
2000; Kishida et al., 1999; Sakanaka and Williams, 1999).
Whether an overproduced DIX-deleted Axin can reduce
-catenin levels or ventralize Xenopus embryos (presum-
ably by reducing endogenous -catenin levels) as well as
full-length Axin, has met with conflicting reports, perhaps
due to levels of expression achieved (Fagotto et al., 1999;
Fukui et al., 2000; Nakamura et al., 1998; Sakanaka and
Williams, 1999).
In several misexpression assays, the Dsh DIX was impor-
tant for both PCP and -catenin signaling. In cell culture, a
DIX-less Dsh protein, unlike full-length Dsh, did not pro-
mote Arm accumulation (Yanagawa et al., 1995). In vivo,
the DIX domain was not required for PCP signaling in the
eye (Boutros et al., 1998) but was required for PCP signaling
in the wing (Axelrod et al., 1998) and to rescue a dsh mutant
animal (Axelrod et al., 1998; Boutros et al., 1998; Penton et
al., 2002), the latter presumably reflecting its requirement
in the Wnt/-catenin pathway. A partial requirement for
the DIX domain was revealed by experiments that disrupt
cell movements indicative of CE signaling in Xenopus
(Wallingford et al., 2000). In addition, three missense mu-
tations in the DIX domain were recovered in a forward
genetic screen for dsh alleles that affect Wnt/-catenin
signaling (Penton et al., 2002). Misexpression of the DIX
domain alone induced dominant-negative phenotypes (Ax-
elrod et al., 1998), indicating that a stray DIX domain may
disrupt endogenous Dsh/Dsh, Axin/Dsh, or Axin/Axin in-
teractions.
Where in the cytoplasm might Dsh/Axin interactions be
occurring? DIX domains are required for a punctate, possi-
bly vesicular subcellular localization of epitope-tagged Dsh
and Axin, which also colocalize to some extent when
overexpressed (Axelrod et al., 1998; Fagotto et al., 1999;
Julius et al., 2000; Rothbacher et al., 2000; Smalley et al.,
1999). DIX-mediated oligomerization suggests that Axin
and Dsh may exist as heteromeric protein complexes in
vivo. Dsh and Axin have opposing roles in -catenin signal-
ing, and artificial alteration of their protein levels has
predictable effects on signaling readouts (Kofron et al.,
2001; Yanagawa et al., 1995; Zeng et al., 1997). One
interesting hypothesis is that the ratio of Dsh to Axin in
distinct heteromeric complexes determines whether
-catenin accumulates or is degraded. Dsh could dissociate
the Axin-assembled -catenin destruction complex by se-
questering or displacing Axin, or by recruiting another
protein, Frat (see below) (Itoh et al., 2000; Li et al., 1999a).
Axin has not been implicated in PCP-CE signaling; whether
the Dsh DIX requirement for disruption of PCP-CE signal-
ing solely reflects Dsh oligomerization or its requirement
for association with (or dissociation from) other partners is
not clear. Indeed, how endogenous DIX-mediated associa-
tions are regulated by each Wnt pathway during physiologic
signaling events remains unexplored.
PDZ Domain
The central conserved domain in Dsh proteins is 90
amino acids and is termed the PDZ (Post Synaptic Density-
95, discs-large, and Zonula occludens-1) domain (Kennedy,
1995). PDZ domain proteins are best known for their roles
in submembranous receptor and signal transduction com-
plex clustering (Hung and Sheng, 2002). Several PDZ do-
main structures have been determined, and recently the
Xenopus Dsh PDZ domain structure complexed with a
putative binding partner was reported (Cheyette et al.,
2002). The PDZ domain consists of a globular predomi-
nantly -pleated sheet structure with a cleft on one face,
into which tetrapeptide (typically) C-terminal ligands bind
(Doyle et al., 1996), although other modes of PDZ domain
binding, including dimerization, are emerging (Hung and
Sheng, 2002).
Several DAPs interact with Dsh fragments that include
the PDZ domain. However, the requirement of the PDZ
domain for Dsh activity has varied with the assay, type of
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mutant protein made, and (perhaps) whether the mutant
protein is expressed in the presence or absence of endoge-
nous Dsh protein. Misexpression in Xenopus embryos of a
Dsh with a partial deletion of the PDZ domain (Xdd)
produced dominant-negative effects on -catenin and CE
signaling readouts (Sokol, 1996), consistent with the idea
that mutant forms of Dsh can inhibit endogenous Dsh in
vivo, perhaps by sequestration. A construct strictly analo-
gous to Xdd has not been reported in Drosophila. Con-
structs harboring PDZ deletions have demonstrated, both
in Drosophila and in Xenopus, that the PDZ domain can be
dispensable for transient Dsh activity in the embryo (Axel-
rod et al., 1998; Rothbacher et al., 2000) but not in cell
culture (Julius et al., 2000; Yamamoto et al., 1999; Yana-
gawa et al., 1995) or in animal viability rescue assays
(Boutros et al., 1998; Penton et al., 2002). Confounding the
interpretation of these results is the variable presence of
adjacent basic and putatively phosphorylated residues in
some constructs but not others (Axelrod et al., 1998; Penton
et al., 2002). When misexpressed, the PDZ domain has
dominant negative effects on -catenin but not PCP signal-
ing (Axelrod et al., 1998), perhaps because it can titrate
endogenous Dsh-associated proteins important in -catenin
signaling. Collectively, the data suggest that the PDZ
domain (and by extension its numerous binding partners)
may serve a regulatory role, perhaps by controlling Dsh
stability, localization, or tertiary structure, rather than as
an obligate transduction module.
DEP Domain
The most C-terminal conserved domain in Dsh proteins
is 90 amino acids and is termed the DEP (Dishevelled,
egl-10, pleckstrin) domain (Ponting and Bork, 1996). DEP
domains are also present in many Regulator of G-protein
Signaling (RGS) proteins that harbor a conserved, catalytic
“RGS” domain as well as DEP domains in their N terminus
(Ross and Wilkie, 2000), as well as other signaling proteins
(Ponting and Bork, 1996). [Although Axin has an RGS
domain that binds to APC (Fukui et al., 2000; Kishida et al.,
1998; Nakamura et al., 1998; Spink et al., 2000), it is not
known whether Axin’s RGS domain regulates G protein
catalysis.] The Dvl1 DEP domain structure is a globular,
roughly pyramid-shaped domain comprised of a central
three-helix bundle (Wong et al., 2000).
Three dsh mutations that specifically affect PCP signal-
ing, including the original dsh1 mutation, map to an ex-
posed, charged surface near one corner of the DEP domain
(Axelrod et al., 1998; Boutros et al., 1998; Penton et al.,
2002), suggesting that these alleles affect PCP signaling-
specific protein–protein interactions. JNK is one PCP effec-
tor pathway that may be disrupted by these dsh mutations.
Both overproduced Dsh1 protein, as well as an analogous
mutation in mouse Dvl1, were defective in activating JNK
activity in cell culture in two reports (Boutros et al., 1998;
Moriguchi et al., 1999) but not in a third report (Li et al.,
1999b), possibly indicating a quantitative rather than a
qualitative defect in Dsh proteins that harbor PCP-specific
mutations. Drosophila Fz1, the Fz receptor dedicated to
PCP signaling in multiple tissues, recruits misexpressed
Dsh protein to the plasma membrane in Xenopus cells
(Axelrod et al., 1998). A Dsh1 mutant protein retains its
Fz1-dependent membrane association in this system, but
the mutant protein adopts a discontinuous, punctate
plasma membrane localization, in contrast to the smooth
plasma membrane distribution of Dsh protein (Axelrod et
al., 1998). However, in Drosophila wing cells undergoing
PCP signaling, a Dsh1 protein expressed at levels compa-
rable to wild type Dsh fails to localize to the cell mem-
brane, instead remaining diffusely distributed in the cyto-
plasm (Axelrod, 2001). How a Dsh DEP domain-associated
protein might mediate plasma membrane association im-
portant in PCP-CE signaling is not known. One possibility
is suggested by the DEP structure itself: a surface adjacent
to the Dsh1 mutation consists predominantly of basic
residues hypothesized to contact acidic cell membrane
phospholipids (Wong et al., 2000), although no additional
biophysical or mutational evidence has emerged to support
this model. Alternatively, the DEP domain may accumu-
late at membranes via interactions with other membrane-
associated proteins.
Reports have varied in the requirement for the DEP
domain in Dsh activity. In some papers, the DEP domain
was dispensable for -catenin signaling but essential for
PCP signaling (Axelrod et al., 1998; Yanagawa et al., 1995),
while in others, an intact DEP domain was required for both
types of signaling (Boutros et al., 1998; Li et al., 1999b;
Moriguchi et al., 1999; Penton et al., 2002). A similar
requirement for the Dsh DEP domain in Drosophila PCP
and Xenopus CE assays was strong evidence of the homol-
ogy between the two signaling pathways (Wallingford et al.,
2000). However, the recovery of three dsh DEP domain
missense mutations that specifically disrupt -catenin sig-
naling but not PCP signaling is consistent with a unique
requirement for DEP in the -catenin pathway (Penton et
al., 2002). When viewed on the DEP structure, these muta-
tions map to a surface distinct from the PCP mutations
(Penton et al., 2002), suggesting that they affect either
-catenin pathway-specific binding partners or DEP domain
folding. The DEP domain is thus critical for PCP-CE signal-
ing, while its precise role in -catenin signaling remains
unclear.
DSH/DVL-ASSOCIATED PROTEINS
Protein Kinases and Phosphatases
Initial reports demonstrated that Drosophila Dsh was
phosphorylated in a signal-dependent fashion on serine and
threonine residues but not on tyrosine residues (Willert et
al., 1997; Yanagawa et al., 1995). Although Wnt/-catenin
signaling leads to accumulation of phosphorylated Dsh that
is associated with membrane fractions (Yanagawa et al.,
1995), it is still not clear which of the multiply phosphor-
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ylated forms of Dsh/Dvl are active or inactive in each
pathway. Also not known are the intracellular roles, rel-
evant binding partners, and ultimate fates of each phosphor-
ylated species for each signaling pathway. Complicating the
precise mapping of phosphorylation sites is the fact that
15% of the 623 amino acids in Drosophila Dsh are serine or
threonine, although most of the phosphorylation sites are
thought to be in its central portion (Willert et al., 1997) and
may map to 4 conserved serine/threonine rich amino acid
clusters (Penton et al., 2002). Surprisingly, mutation of each
of these putative phosphorylation site clusters did not affect
the ability of the mutant protein to rescue dsh mutant
animals (Penton et al., 2002), indicating that compound
phosphorylation mutants may be required to dissect the
most important phosphorylation sites. Considerable initial
effort has focused on the identification of protein kinases
and phosphatases that may phosphorylate Dsh and regulate
its activity and/or Wnt signaling in vivo. A theme that
emerges from the protein kinases thus far characterized is
that none are specifically dedicated to Wnt signaling; each
functions in other signaling pathways.
Casein Kinase 1
Implicated in diverse physiological processes, casein ki-
nase 1 (CK1) is a family of monomeric serine/threonine
protein kinases with divergent N- and C-terminal domains
(Vielhaber and Virshup, 2001). CK1 was first implicated in
Wnt signaling by virtue of its ability, when overexpressed in
Xenopus embryos, to produce phenotypes that mimic ec-
topic activation of the Wnt/-catenin pathway (Peters et al.,
1999; Sakanaka et al., 1999). Depletion of a C. elegans CK1
gene produced a low penetrance cell fate switch, more
mesoderm, indicative of a defective early Wnt-dependent
cell fate determination event (Peters et al., 1999), and CK1
inhibition by antisense morpholino oligonucleotides or
expression of dominant-negative constructs in Xenopus
embryos produced phenotypes that mimic defective CE
signaling (McKay et al., 2001b). Thus, CK1 may function in
both Dsh-dependent Wnt pathways.
Initial misexpression and biochemical studies suggested
that the target of CK1 in activating Wnt signaling was the
Dsh PDZ domain (Peters et al., 1999), although the precise
target peptides were not mapped. It remains controversial
whether the kinase domain itself or adjacent isoform-
specific variable sequences mediate the interaction with
Dsh (McKay et al., 2001a; Peters et al., 1999; Sakanaka and
Williams, 1999). Since these reports, various CK1 isoforms
have been implicated in the direct phosphorylation of other
Wnt pathway components, including Axin, APC, -catenin,
and TCF3 (Amit et al., 2002; Gao et al., 2002; Lee et al.,
2001; Liu et al., 2002; McKay et al., 2001a; Zhang et al.,
2001), thereby clouding the interpretation of the overex-
pression experiments. Indeed, the  isoform is the “priming
kinase” that prephosphorylates -catenin on the
C-terminal serine residue of the phosphorylation site criti-
cal for its degradation (Amit et al., 2002; Liu et al., 2002),
the same phosphorylation site frequently mutated in can-
cer. This finding explains why antisense inhibition of CK1
in Drosophila tissue culture cells or embryos led to Arm
accumulation and a phenotype indicative of excess
-catenin signaling (Liu et al., 2002; Yanagawa et al., 2002),
not Arm degradation as would be predicted by the general
equivalence of all CK1 isoforms in activating Wnt signaling
when overexpressed in Xenopus (McKay et al., 2001a).
However, one gene expression abnormality in CK1-
depleted embryos, expanded expression of the wg gene
itself, could also be due to excess activity of a distinct
signaling pathway, the Hedgehog (Hh) pathway (Ingham et
al., 1991; Liu et al., 2002). In support of the idea that CK1
can act through the Dsh PDZ domain, the ability of a
PDZ-less Dvl protein to activate Wnt signaling when over-
expressed in tissue culture cells was not potentiated by
coexpression of CK1 to the extent that wild type Dvl was
(Kishida et al., 2001). Treatment of Xenopus oocytes with a
broad-spectrum CK1 chemical inhibitor suggested that CK1
activity (isoform unknown) was required for Dsh phosphor-
ylation (Peters et al., 1999). Despite the compelling pub-
lished evidence that CK1, particularly , targets Dsh, no
genetic loss-of-function data have been reported to support
this hypothesis, likely due in part to the redundancy of
several CK1 isoforms.
Casein Kinase 2
Casein kinase 2 (CK2) is a heterotetramer comprised of
catalytic  or  subunits and regulatory  subunits in 22
stoichiometry (Guerra and Issinger, 1999; Pinna, 2002). Like
CK1, CK2 is present in animals from yeast to humans and
has been implicated in a plethora of biological processes.
CK2 was first implicated in Wnt signaling by virtue of its
biochemical purification from Drosophila tissue culture
cell extracts as a kinase that phosphorylates Dsh (Willert et
al., 1997). However, since then no loss-of-function genetic
evidence has implicated CK2 in the numerous contexts in
which Wnt signals normally function in vertebrates or in
Drosophila. The Drosophila findings have since been cor-
roborated by examination of overproduced Dvl protein in
tissue culture cells (Lee et al., 1999) and in a Wnt-
overexpression-induced model of mammary carcinogenesis
in cell culture (Song et al., 2000). In the latter system, Wnt1
overexpression leads to morphological changes in the cul-
tured cells that are accompanied by an increase in CK2
activity and coprecipitation of CK2 with phospho-Dvl (Song
et al., 2000). Indeed, misexpression of CK2 gives rise to a
mammary hyperplasia that is very similar to that induced
by excess Wnt1 expression (Landesman-Bollag et al., 2001;
Li et al., 2000). In overexpression experiments, CK2 may
also phosphorylate and stabilize -catenin (Song et al.,
2000), making it difficult to discern the specific effect of
CK2 on Dsh. As with CK1, the sequence(s) in Dsh/Dvl that
CK2 phosphorylates is unknown, although deletion studies
and tryptic phosphopeptide mapping placed them in the
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same “basic-PDZ” fragments that can bind CK1 (Willert et
al., 1997).
Par-1
A third Dsh-associated kinase was purified from Dro-
sophila embryos (Sun et al., 2001) and is the homolog of
Par-1, a protein kinase that regulates asymmetric cell fate
determination during early C. elegans embryogenesis (Guo
and Kemphues, 1995). Like its C. elegans homolog, Dro-
sophila Par-1 also regulates oocyte axis determination and
germ plasm specification (Cox et al., 2001; Riechmann et
al., 2002).
Par-1 activity was induced by Wnt/-catenin signaling in
cultured Drosophila S2 cells, resulting in the potentiation
of Wnt signaling in gain-of-function assays (Sun et al.,
2001). Curiously, Par-1 activity inhibited JNK activity,
which has been associated with the ability of Dsh to signal
in the PCP pathway (Boutros et al., 1998). However, no data
implicating Par-1 activity in JNK inhibition that results in
a defective PCP or CE signaling event have been reported. A
catalytically inactive Par-1 mutant, when overexpressed in
tissue culture or animals, produced phenotypes and mo-
lecular readouts indicative of inhibited Wnt/-catenin sig-
naling (Sun et al., 2001). In addition, antisense oligonucle-
otide inhibition of 2 of 3 human Par-1 homologs attenuated
responses to Wnt signals in tissue culture, and similar
treatments of Drosophila embryos produced phenotypes
that mimic a partial loss of embryonic activity of Wg (Sun
et al., 2001). Despite these compelling observations, no
genetic loss-of-function data implicate Par-1 in Wnt signal-
ing. Interestingly, the Dsh fragment that bound Par-1 was
the 38 amino acids N-terminal of the PDZ domain that
includes the basic domain and putative phosphorylation
sites (Penton et al., 2002; Sun et al., 2001).
PAK1/MuSK
Several signaling pathways are involved in the develop-
ment and maintenance of the neuromuscular junction
(NMJ) (reviewed in Sanes and Lichtman, 2001). Prominent
among these is MuSK, a single-pass transmembrane recep-
tor tyrosine kinase that is required for Acetylcholine recep-
tor (AchR) aggregation dependent on the extracellular pro-
tein Agrin. MuSK was recently isolated as a Dvl-binding
protein in a yeast two-hybrid screen, where the MuSK
intracellular domain interacted with the Dvl1 DEP domain
(Luo et al., 2002), although it is not known whether MuSK
phosphorylates Dvl1. Although increased Dvl1 did not
affect NMJ development or maintenance in culture, anti-
sense depletion of Dvl proteins, or misexpression of a DEP
domain-less Dvl1 or the DEP domain itself, inhibited
Agrin-dependent AchR clustering and synaptic transmis-
sion (Luo et al., 2002). Dsh-dependent AchR clustering was
coincident with p21-activated kinase 1 (PAK1) kinase acti-
vation and coimmunoprecipitation of a distinct fragment of
Dvl1 that included the DIX and PDZ domains; whether Dvl
directly contacts PAK1 is not clear. Interestingly, the re-
quirement for Dvl in AchR clustering is apparently inde-
pendent of Wnt/-catenin or PCP-CE signaling, but since
only 6% of Dvl1 immunoprecipitated with MuSK, it is
possible that other pools of Dsh can be engaged in distinct
Wnt signaling pathways during NMJ formation. This report
diversifies the role of Dsh proteins beyond the generic and
well-accepted Wnt signaling pathways, raising the possibil-
ity that Dsh/Dvl proteins regulate synaptic transmission in
metazoan animals. That the Dvl1 knock out mouse appears
anatomically normal yet displays behavioral, socialization,
and sensorimotor gating phenotypes is consistent with this
possibility (Lijam et al., 1997).
Multiple kinases may compete for common or closely
overlapping binding and/or substrate sites on Dsh, perhaps
depending on the occupancy of those binding sites by other
proteins. In addition, for each Dsh-associated kinase it will
be important to determine whether the purpose of Dsh-
association is the phosphorylation of Dsh itself or other
substrates such as the DAPs described below.
Protein Phosphatase 2C
Where kinases are found, phosphatases must lurk. Yeast
two-hybrid studies identified an interaction between pro-
tein phosphatase 2C subunit  (PP2C) and the Dvl2 PDZ
domain (Strovel et al., 2000). Despite the proximity of PP2C
binding and potentially phosphorylated substrate sites on
Dsh, the likely target of PP2C catalysis appeared to be Axin
rather than Dsh, leaving open the question of which phos-
phatases, if any, reverse CK1, CK2, and Par-1 phosphoryla-
tions of Dsh. Previous tissue culture experiments suggested
that dephosphorylated Axin exhibited a decreased half-life
and affinity for -catenin (Willert et al., 1999b; Yamamoto
et al., 1999). Excess PP2C, presumably by acting on Axin,
also shortened the half-life of Axin (Strovel et al., 2000). It
is not known whether the binding of any of the kinases and
PP2C on Dsh are mutually exclusive or can occur simulta-
neously. Other phosphatase subunits that interact with
Wnt pathway components and/or regulate Wnt signaling
(Erdmann et al., 2000; Hannus et al., 2002; Li et al., 2001;
Ratcliffe et al., 2000; Seeling et al., 1999; Yamamoto et al.,
2001) could also regulate Dsh phosphorylation status in
vivo, although none of these has yet been shown to directly
bind or dephosphorylate Dsh.
Wnt/-Catenin Pathway Proteins
Axin. An additional region of Dsh that included the C
terminus of the DIX domain and the PDZ domain bound
fragments of Axin distinct from Axin’s DIX domain (Julius
et al., 2000; Li et al., 1999a). Although gain-of-function and
overexpression studies support the hypothesis that Dsh
directly communicates with the -catenin destruction
complex through Axin, the functional significance of the
reported interactions between Axin and Dsh or Dvl have
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yet to be investigated in loss-of-function contexts in animal
systems.
Naked cuticle. Naked cuticle (nkd) was originally de-
scribed as a recessive embryonic lethal “segment polarity”
mutation in Drosophila (Ju¨rgens et al., 1984). Molecular
analyses revealed segment polarity genes to encode signal
transduction pathway components that transmit early-
acting epidermal Wnt/Wg and Hh signals (DiNardo et al.,
1994). nkd embryos are phenotypically similar to embryos
with excess Wg/-catenin signaling, achieved either by
artificial or genetic means (Hamada et al., 1999; McCartney
et al., 1999; Noordermeer et al., 1992; Pai et al., 1997; Zeng
et al., 2000). The earliest defect in nkd embryos is broad-
ened domains of Wg-dependent target gene expression
(Dougan and DiNardo, 1992; Martinez Arias et al., 1988).
Later in development, nkd embryos sequentially exhibit an
abnormally broadened distribution of Wg antigen (Moline
et al., 1999), and later yet a new domain of Wg expression
(Dougan and DiNardo, 1992; Martinez Arias et al., 1988).
Temporal and genetic arguments have led to the hypothesis
that Nkd regulates the sensitivity of cells to Wg (Bejsovec
and Wieschaus, 1993; Zeng et al., 2000), although the later
defects may indicate a role for nkd in Wnt protein transport
and wnt gene regulation. In many tissues, nkd transcript
accumulates in a Wg/Wnt-dependent gradient that parallels
the Wg activity gradient, consistent with it acting as part of
a negative feedback loop (Zeng et al., 2000).
Drosophila Nkd is just over 900 amino acids, while its 2
vertebrate homologs—Nkd1 and Nkd2—are about half that
size. Surprisingly, fly and vertebrate Nkd proteins only
share two regions of significant similarity: a histidine-rich
C terminus and a 66-amino-acid EFX domain (Wharton et
al., 2001). In binding assays, EFX bound to the basic and
PDZ domains of Dsh (Rousset et al., 2001; Wharton et al.,
2001). Nkd1 was also isolated by using Dvl as a bait in a
yeast two-hybrid screen and shown, like Drosophila nkd, to
be induced in cell culture or in colon cancer cells with high
levels of Wnt/-catenin signaling (Yan et al., 2001a,b). How
Nkd regulates Dsh is not known, although Nkd could block
the access of other positively acting regulatory factors that
target the basic and PDZ domains, including the protein
kinases described above. Consequently (or alternatively),
Nkd may alter Dsh subcellular distribution as has been
shown in misexpression studies (Axelrod, 2001; Rousset et
al., 2001).
Controversy has emerged over what role Nkd may play in
PCP-CE signaling (McEwen and Peifer, 2001). When misex-
pressed in flies or vertebrates, fly Nkd or mouse Nkd1
antagonized Wnt/-catenin signaling and produced pheno-
types indicative of disrupted PCP-CE signaling (Rousset et
al., 2001; Yan et al., 2001a; Zeng et al., 2000). Increased
mouse Nkd1 activated JNK in tissue culture cells, consis-
tent with it activating a PCP-like pathway in vertebrates
(Yan et al., 2001a). However, in flies, nkd appears to be
dedicated to -catenin signaling, as loss-of-function studies
in multiple tissues did not suggest a role in PCP signaling
(Rousset et al., 2001; Zeng et al., 2000). Loss-of-function
studies in vertebrates may clarify this issue.
GBP/Frat. Although a -catenin pathway mediates dor-
sal axis formation in Xenopus embryos, it has long been
controversial whether an actual Wnt protein initiates the
-catenin signal (Moon and Kimelman, 1998). Glycogen
synthase kinase 3 Binding Protein (GBP) was hypothesized
to be the protein targeted by a Wnt-independent mecha-
nism that “feeds into” the downstream components of the
Wnt/-catenin pathway during dorsal axis induction
(Dominguez and Green, 2000; Yost et al., 1998). GBP is
related to the Frat (Frequently rearranged in T cell lym-
phoma) proteins that are the targets of translocation for a
subset of T cell lymphomas (Jonkers et al., 1997). There are
three Frat homologs in mammals, but no apparent counter-
parts in invertebrates (Jonkers et al., 1999; Saitoh et al.,
2001).
GBP/Frat proteins are less than 300 amino acids and have
3 conserved domains, the most C-terminal (FRATide) of
which binds GSK3 on the same surface that binds Axin
and also mediates GSK3 homodimer formation (Bax et al.,
2001; Ferkey and Kimelman, 2002; Fraser et al., 2002). Frat
proteins may also regulate GSK3 nuclear export (Franca-
Koh et al., 2002). In addition to binding GSK3, a distinct
region of Frat1 in the N-terminal half bound to the Dvl1
PDZ domain (Li et al., 1999a). The authors hypothesized
that Dvl dissociates Axin-containing -catenin destruction
complexes by recruitment of a GBP/Frat protein to the
complex, thereby displacing GSK3. Biochemical evidence
suggested that CK1 phosphorylation of Dsh may favor
GBP/Dsh binding, consistent with the positive effect over-
expressed CK1, Dsh, and GBP have in Wnt/-catenin sig-
naling assays (Lee et al., 2001; Peters et al., 1999; Sokol et
al., 1995; Yost et al., 1998). Signals that trigger GBP
activity, particularly in Xenopus dorsal axis formation,
remain unknown.
Idax. Idax (Inhibitor of the Dvl and Axin complex) was
isolated as a Dvl1 PDZ domain-interacting protein in a
yeast two-hybrid screen (Hino et al., 2001). Increased Idax
protein in tissue culture cells antagonized Wnt/-catenin
signaling. Human and rat Idax are 100% identical in their
198 amino acids, but BLAST searches reveal that additional
Idax-related sequences are present in vertebrate and inver-
tebrate genomes. The conservation of spaced cysteine resi-
dues in the C-terminal region of Idax that binds the Dvl1
PDZ domain suggests that Idax proteins possess a domain
present in DNA methyltransferases, in Drosophila Tritho-
rax proteins, and in the mammalian Mixed Lineage Leuke-
mia (MLL) proteins (Ayton and Cleary, 2001). Proteins that
harbor this homology can bind DNA and/or regulate tran-
scription, with the MLL proteins a frequent target of chro-
mosomal translocation in human leukemia (Ayton and
Cleary, 2001). Consistent with the possibility that Idax
regulates gene expression, epitope-tagged Idax, when ex-
pressed in tissue culture cells, was present in both cytoplas-
mic and nuclear compartments (Hino et al., 2001). How this
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intriguing homology to nuclear proteins relates to the
well-accepted “cytoplasmic” function of Dsh is a mystery.
Although Idax bound to the Dsh PDZ domain, it is not
clear whether it binds in the PDZ peptide ligand-binding
groove. The C terminus of Idax does not encode a PDZ
binding consensus, and the C-terminal four amino acids of
Idax were not required for its interaction with Dvl, al-
though the C-terminal half of Idax was required for antago-
nizing Wnt/-catenin signaling in cell culture (Hino et al.,
2001). Biochemical studies showed that Idax competed with
Axin in binding Dvl, but that the Dvl/Axin interaction was
more stable than the Idax/Dvl interaction (Hino et al.,
2001). The authors speculated that phosphorylation of Idax
or Dvl may regulate interactions with each other or their
partners. It will be important to examine organisms and
cells lacking Idax activity, as well as the relationship
between endogenous Idax and Dsh distribution, in order to
provide clues about the normal role for Idax in Wnt signal-
ing.
Frodo/Dapper. Frodo (Functional regulator of Dsh in
ontogenesis) and Dapper (Dpr; a.k.a. Frodo 2) are two closely
related (90% identical) Xenopus Dsh-interacting proteins
(Cheyette et al., 2002; Gloy et al., 2002). Frodo and Dpr are
each expressed in—and were required for the proper devel-
opment of—distinct neuroectodermal domains in the em-
bryo. Despite their close sequence similarity, they were
inferred to have opposite effects on the regulation of Wnt/
-catenin signaling: Dpr a negative regulator, Frodo a posi-
tive one. Mammalian genomes harbor Frodo/Dpr-related
genes, but whether invertebrate homologs exist is at
present unclear.
Frodo and Dpr are each 800-amino-acid proteins with a
putative leucine zipper in their N-terminal half and a
C-terminal consensus PDZ-binding motif. While deletion
of the Frodo C-terminal residues abolished interaction with
Dsh, it was not the PDZ domain but rather the DIX domain
and adjacent Dsh sequence that were important for Frodo/
Dsh association (Gloy et al., 2002). Cocrystallization of the
Dsh-binding Dpr C-terminal 8 amino acids with the Dsh
PDZ revealed that Dpr binds in the classic PDZ peptide-
binding groove, with mutation of a Dsh PDZ residue in
close proximity to the bound Dpr peptide abolishing the
interaction (Cheyette et al., 2002). Although Frodo and Dpr
bound to distinct parts of Dsh, they both preferentially
bound to hyperphosphorylated Dsh (Cheyette et al., 2002;
Gloy et al., 2002). FrdC, a construct that only included the
C-terminal region of Frodo, exhibited dominant negative
properties, able to block ectopic Dsh’s ability to induce an
ectopic axis (a -catenin-dependent activity). Clearly, the C
termini of Frodo/Dpr are important for their activity, but
how (and why) they normally bind to distinct parts of Dsh
remains unknown. It will also be important to determine
which of the less than 10% of the amino acid residues that
differ between Dpr and Frodo provide specificity for positive
vs negative activity in assays for Wnt/-catenin signaling.
Whether Frodo or Dpr regulate PCP-CE signaling path-
ways is less clear. Frodo is expressed in dorsal marginal
regions of the Xenopus embryo that will undergo CE
movements (Gloy et al., 2002). However, excess Dpr an-
tagonized the ability of Dsh to activate the JNK pathway in
cultured cells (Cheyette et al., 2002), indicating a potential
negative regulatory role in PCP-CE signaling.
Wnt/PCP-CE Pathway Proteins
Van Gogh/Strabismus/Trilobite. The gene family
known as Van Gogh/Strabismus/Trilobite (Vang/Stbm/Tri,
hereafter called Stbm) was originally described as a tissue
polarity gene in Drosophila (Taylor et al., 1998; Wolff and
Rubin, 1998). Homologs exist in vertebrates as well as in C.
elegans. That stbm is a homozygous viable locus in Dro-
sophila with visible recessive PCP phenotypes speaks to its
dedication to the PCP pathway, but its partially penetrant
embryonic lethality may hint at other roles (Wolff and
Rubin, 1998). Analysis of loss-of-function clones in the eye
revealed stbm to function cell-autonomously (Wolff and
Rubin, 1998), but clones in the wing displayed the interest-
ing property of “domineering nonautonomy,” such that
nonmutant cells only on one side, but not the other side, of
the clone display a phenotype (Taylor et al., 1998). These
observations have been interpreted to mean that a given
protein may simultaneously send and receive a polarizing
signal that moves across the epithelium (Adler et al., 2000).
Stbm is a novel four pass transmembrane protein with its
N and C termini predicted to be intracellular (Darken et al.,
2002; Goto and Keller, 2002; Jessen et al., 2002; Park and
Moon, 2001; Wolff and Rubin, 1998). When expressed in
cells, Stbm localized to the cell membrane (Park and Moon,
2001; Strutt et al., 2002). Like Dpr/Frodo, the Stbm C
terminus has a putative PDZ-binding consensus motif that
was required for interaction with the Dsh PDZ domain in
vitro. However, the C terminus was not required, when
overexpressed, to disrupt CE movements in Xenopus em-
bryos or recruit Dsh to the cell membrane in cultured cells
(Park and Moon, 2001). However, that wild type Stbm
reversed the disruption of CE movements induced by a
Stbm that lacked its C-terminal PDZ-binding consensus
suggested that the motif is important for function (Goto and
Keller, 2002). Whether the normal target of the Stbm C
terminus is the Dsh PDZ is not clear.
Stbm modulates PCP-CE signaling, but whether Stbm
normally affects Wnt/-catenin signaling has met with
controversy. Defective CE movements caused by overex-
pression of Stbm in Xenopus embryos were accompanied by
an increase in head size attributed to altered Wnt/-catenin
signaling (Niehrs et al., 2001; Park and Moon, 2001). Con-
versely, Stbm morpholino antisense inhibition resulted in a
loss of anterior cell fates and increased activity of a Wnt/-
catenin reporter gene, although complete elimination of
Stbm protein by the morpholino oligo was not achieved
(Park and Moon, 2001). Genetic mutation of trilobite, a
zebrafish stbm homolog, produced robust defects in medio-
lateral cell intercalation required for proper CE movements
during gastrulation, but striking Wnt/-catenin pathway
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defects were not observed (Jessen et al., 2002). Other reports
observed only weak effects of altered Stbm levels on Wnt/
-catenin signaling in zebrafish, Xenopus, and Drosophila
and concluded that Stbm normally only functions in
PCP-CE signaling as it appears in Drosophila (Darken et al.,
2002; Jessen et al., 2002; Wolff and Rubin, 1998). Stbm and
other molecules that may have opposite effects on PCP-CE
and -catenin signaling could help Dsh switch between two
pathways (Axelrod, 2002), although the biochemical basis
of pathway switching is unknown.
A link between Stbm and the long-suspected role of Wnt
signaling in neural tube defects based on studies in Xenopus
was recently suggested by the finding that Loop tail (Lp)
mice harbor a mutation in a Stbm homolog, Ltap1/Lpp1
(Kibar et al., 2001; Murdoch et al., 2001). Lp/Lp mice
develop craniorachischisis, a neural tube defect manifest
during early embryogenesis, while Lp/ mice are viable
with a curled tail. Although missense mutations in the
intracellular C-terminal segment were detected in two
independently isolated alleles (Kibar et al., 2001; Murdoch
et al., 2001), the phenotype of null stbm/Lp alleles remains
to be determined. Whether Stbm’s role in neural tube
closure—a complicated process involving cell migration,
adhesion, and (likely) changes in gene expression—relates
to its function in the -catenin or PCP-CE (or perhaps other)
pathways is also not known.
Prickle. Originally described as a Drosophila tissue po-
larity locus, prickle (pk) encodes three distinct spliced
mRNAs (Pk, PkM, and sple), each initiating from distinct
promoters and each encoding proteins with alternative N
termini (Gubb et al., 1999). The genetics of the pk locus are
complex, with loss of each isoform associated with distinct
PCP phenotypes in different tissues. The common coding
region of the three pk-encoded proteins includes a PET
(Prickle Espinas Testin) domain of unknown function as
well as three cysteine-rich, Zn finger-like Lim domains
(Gubb et al., 1999).
Each hexagonal columnar epithelial cell comprising the
Drosophila pupal wing synthesizes and secretes a slender
hair-like protrusion, a trichome, that points distally in the
mature wing. Mutations in several PCP genes result in
wings displaying a trichome array with stereotyped whorls
(Adler, 2002). Consistent with their role in orienting
trichomes, Fz1 and Dsh accumulate at the two-cell mem-
brane faces that flank the vertex where the trichome will
later emerge (Axelrod, 2001; Strutt, 2001). By contrast, Pk is
enriched at the two-cell membranes opposite those that
accumulate Fz1 and Dsh (Tree et al., 2002). Thus, the “Pk”
membranes are just distal to, and in intimate contact with,
the Fz1 and Dsh-enriched membranes in the proximally
adjacent cell. PCP signaling events are required for all of
these localizations (Tree et al., 2002). Pk bound the Dsh
DEP domain in vitro and disrupted Fz1-dependent plasma
membrane association of Dsh in cultured cells (Tree et al.,
2002). The authors hypothesized that Pk acts in a feedback
loop to amplify and further polarize signaling in the plane of
the wing epithelium (Tree et al., 2002). In this system, a
model in which the consequence of a Pk/Dsh binding
interaction is the bulk sorting of Pk and Dsh to opposite
sides of the cell requires that the interaction be transient
and directionally regulated by as yet unknown intracellular
trafficking mechanisms and/or signaling events. Alterna-
tively, the Pk/Dsh interaction may only occur at the
proximal or distal cell membranes.
Daam1. Daam1 (Dishevelled-associated activator of
morphogenesis) was isolated as a Dsh PDZ domain-binding
protein that links Dsh to RhoA during CE signaling in
Xenopus (Habas et al., 2001). RhoA has also been previously
implicated in PCP signaling (Boutros et al., 1998; Strutt et
al., 1997; Van Aelst and Symons, 2002), but how directly it
does so has been a matter of debate. Genetic experiments
suggested that RhoA regulated Drosophila ommatidial (eye)
chirality and subsequent rotation, a process requiring PCP
genes (Boutros et al., 1998; Strutt et al., 1997; Zheng et al.,
1995). However, recent evidence suggests that that the
Notch signaling pathway, but not a RhoA-dependent path-
way, works with the PCP pathway to execute a cell fate
decision required for appropriate chirality (Strutt et al.,
2002). These findings still leave open the possibility that
RhoA regulates subsequent steps in ommatidial rotation
that may also require PCP pathway genes.
Daam1 encodes an over 1000-amino-acid protein with 2
formin homology (FH) domains, other members of which
have been implicated in cytoskeletal reorganization in
yeast and animals (Wasserman, 1998). Daam1 has verte-
brate and Drosophila homologs, although the phenotype of
Daam1 mutant animals has not been reported. Gain- and
loss-of-function studies indicated that Daam1 regulated CE
movements in collaboration with RhoA in Xenopus (Habas
et al., 2001). Structure–function studies revealed that the
Daam1 N terminus bound RhoA while the C-terminal FH
domains interacted with the Dsh DEP and PDZ domains,
and possibly a Rho-GTPase exchange factor (Habas et al.,
2001). As many FH proteins exhibit an autoinhibitory
interaction between their N- and C-terminal domains, it
remains unknown what signals, if any, might trigger the
unfolding of Daam1 to bring Dsh and RhoA together during
CE signaling. Proteins such as Daam1, able to bind core
PCP-CE proteins as well as components (i.e., RhoA) with
known activity on cytoskeletal dynamics, are ideally posi-
tioned to execute the morphogenetic movements critical
for PCP and CE.
Proteins That Function in Other Signaling
Pathways
Notch. The first Dsh-binding protein reported was
Notch (N), the prototypical transmembrane receptor for a
lateral inhibitory signaling pathway in Drosophila (Axelrod
et al., 1996). One function for Wg in the developing wing
imaginal disc is the local induction of sensory bristles at the
wing margin, or presumptive wing tip (Couso et al., 1994).
Here, a Notch-mediated signal ensures that the sensory
precursor cells occupy a narrow stripe on either side of the
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wing margin by preventing the adjacent row of cells from
adopting bristle fates (Rulifson et al., 1996). Using gain-of-
function assays, the ectopic wing bristles induced by excess
Dsh (presumably through excess Wnt/-catenin signaling)
were reduced by loss of N or its ligand Delta (Dl) (Axelrod et
al., 1996). Data consistent with Notch directly inhibiting
the intracellular transmission of a Wg-dependent bristle
induction event included: a Dsh fragment that included the
DIX and PDZ domains interacted with the N intracellular
domain; Dsh colocalized to some extent with N in tissue
culture cells; and the misexpression of the Dsh-interacting
domain of N decreased the number of ectopic bristles
induced by excess Dsh (Axelrod et al., 1996). No subsequent
reports have further investigated the N/Dsh interaction in
other tissues or animals. However, recent work in the
Drosophila eye suggested that a direct interaction between
a planar cell polarity component, possibly Dsh, and Notch,
occurs during the cell fate induction event required for
appropriate ommatidial chirality (discussed above under
Daam1) (Strutt et al., 2002). Thus, the possibility that N
and Wg signaling physically intersect, another topic with a
long history of controversy (Cadigan and Nusse, 1996;
Couso and Martinez Arias, 1994), remains alive and well.
-arrestin. Arrestins (Arr) are a protein family best
known for their roles in G-protein-coupled receptor desen-
sitization through receptor internalization (McDonald and
Lefkowitz, 2001). They directly bind to the C-terminal
region of seven-pass transmembrane receptors that have
been phosphorylated by G-protein-coupled receptor kinases
(GRKs) (Penn et al., 2000). -Arrestin interacted with Dvl2
in vitro and to some extent in cultured cells (Chen et al.,
2001). Wnt treatment of Arrestin-transfected cells increased
the Dvl2/Arr interaction, with the bulk of Arrestin-
associated Dvl2 being in the phosphorylated state. Simi-
larly, in vitro phosphorylation of Dvl by CK2 increased the
Arr/Dvl association. Overexpressed -Arr and Dvl syner-
gized in Wnt/-catenin pathway reporter gene activation, a
result consistent with -Arrestin acting positively in the
Wnt/-catenin pathway (Chen et al., 2001). Although the
cytoplasmic tails of Fz proteins have putative phosphoryla-
tion sites, no GRK or Arrestin has yet been described that
binds and/or phosphorylates them. Although this report is
provocative, confirmation that Arrestin normally (and spe-
cifically) functions in Wnt signaling awaits loss-of-function
studies.
Eps8. In yet another yeast two-hybrid screen, EPS8 was
characterized a Dvl1 PDZ-interacting protein that was
associated with hyperphosphorylated Dvl1 (Inobe et al.,
1999). EPS8 is a SH2/SH3/PTB (phosphotyrosine
binding)/PH (pleckstrin homology) domain-containing pro-
tein that is a substrate of Epidermal Growth Factor/
Receptor Tyrosine Kinase (EGF/RTK) signaling (Fazioli et
al., 1993). Loss-of-function studies in cultured cells demon-
strated that EPS8 transduces RTK signals from Ras to Rac
(Scita et al., 1999) and from the EGF receptor to the
apparatus that mediates EGF receptor intracellular traffick-
ing (Lanzetti et al., 2000). Eps8 is found in a complex with
Sos1 and E31b that regulates and provides specificity for
GTP exchange of the small G protein Rac (Scita et al.,
1999).
Overproduction of EPS8 in cultured cells resulted in Dvl1
phosphorylation, while Dvl1 overexpression blocked the
phosphorylation of EPS8 that is dependent on EGF signaling
(Inobe et al., 1999). The authors speculated that EPS8 and
other molecules like it may be prime candidates to mediate
cross talk of signaling pathways in vivo where they are
coordinately regulated. Such a molecule could conceivably
function in the Drosophila embryonic epidermis, where
largely exclusive domains of EGF and Wg signaling are
required for proper pattern formation (Hatini and DiNardo,
2001). One elegant mechanism of EGF signaling antagoniz-
ing Wg activity in vivo occurs at the level of Wg ligand
internalization and degradation (Dubois et al., 2001), al-
though the role of Wnt/-catenin signaling through the
internalized Wg/Fz complex, and by inference Dsh activity,
in this process remains unknown. Blast searches reveal that
there are EPS8-related sequences in Drosophila, so it will be
interesting to learn whether loss of EPS8 affects Wnt
signaling in any tissue.
WHAT NEXT?
A theme emerges from our review of DAPs. In each case,
a single protein was purified either as an activity that used
Dsh as a substrate (CK2, Par-1), affected Wnt signaling-
associated phenotypes (CK1, N), or bound to Dsh in syn-
thetic binding assays (all the rest). While yeast two-hybrid
and in vitro binding assays are powerful methods for dis-
covering and confirming binary protein–protein interac-
tions, the proliferation of DAPs makes it unlikely to im-
possible that all of them bind Dsh simultaneously. More
DAPs will be found, but will they give us further insight
into the workings of Dsh?
Perhaps the largest remaining gap in knowledge about
Dsh, arguably in all of -catenin signal transduction, is how
Fz receptors communicate with Dsh. The recent identifica-
tion of proteins such as Kermit/GIPC (RGS/GAIP interact-
ing protein) that can bind the intracellular portion of Fz
receptors is a promising lead (Tan et al., 2001), but the gap
remains if Kermit does not bind Dsh or any of the DAPs.
Throwing a biochemical “monkey wrench” in the genetic
machinery, a Wnt/-catenin signal may travel directly
through a Wnt coreceptor LRP6 to Axin, thereby potentially
bypassing Dsh (Li et al., 2002). While it has been assumed
that Fz receptors act at the plasma membrane, it is less clear
whether the localizations of Fz and Dsh proteins provide
any clues to how the signal is transmitted between Fz and
Dsh, particularly in the -catenin pathway. G-protein path-
ways are suspected because the seven-pass transmembrane
structure of Fz receptors resembles that of classic
G-protein-coupled receptors, such as the -adrenergic re-
ceptor and rhodopsin. Indeed, the Go and Gq are required
for Wnt/-catenin signal transmission from chimeric Fz/-
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adrenergic receptors in cultured cells (Liu et al., 2001), but
no loss-of-function genetic data yet implicate these or other
heterotrimeric G-proteins in transmission of Fz-generated
signals. The colocalization of Fz and Dsh during PCP
signaling is at least consistent with signal transmission
between the two proteins (Axelrod, 2001; Strutt, 2001).
However, Dsh localization has been described as diffusely
cytoplasmic, punctate, vesicular, membrane-associated, as-
sociated with the actin and microtubular cytoskeletons,
and depending on fixation conditions, nuclear (Axelrod,
2001; Torres and Nelson, 2000; Yanagawa et al., 1995). It
will be important to determine which of the various sub-
cellular localizations of Dsh are actually engaged in signal-
ing, perhaps with fluorescence resonance energy transfer
and related techniques that detect protein–protein interac-
tions in vivo (Pollok and Heim, 1999). Redundant pathways
between Wnt receptors and Dsh, mediated by proteins with
pleiotropic activity, may explain the lack of recovery of
intermediate molecules in Drosophila genetic screens.
Structure–function studies have confirmed the require-
ments for the conserved DIX, PDZ, and DEP domains in
each Dsh-dependent Wnt signaling pathway. Why does one
class of protein consistently regulate two distinct path-
ways? The reason the task of transmitting each type of Wnt
signal was not split into paralogous genes in evolution may
be that the two signaling pathways must remain coordi-
nated during development in ways we have not appreciated,
in part because most of the commonly employed Wnt
signaling assays focus on one pathway at a time. Even more
mysterious is whether the “original” Wnt signal, presum-
ably requiring Dsh for its transmission, was more similar to
-catenin or PCP-CE signaling. That plant -catenin-related
molecules translocate to the nucleus in response to hor-
monal stimuli (Amador et al., 2001) suggests that a primor-
dial -catenin signaling pathway may have existed in the
plant/animal common ancestor that also gave rise to the
Fungi. PDZ and DEP domains are present in unicellular
animals, but the DIX domain has only been identified in
Axin and Dsh. Perhaps Dsh originally arose as a gene fusion
event between a portion of a primordial Axin-like gene that
regulated -catenin stability and another PDZ- or DEP-
containing regulatory molecule, thereby providing an addi-
tional level of control between membrane receptors and
-catenin.
Future studies on DAPs must first focus on validating the
biological relevance of the interaction with Dsh. In what
context or process, if any, does each DAP normally func-
tion? What other proteins does the given DAP recruit, or
block the recruitment of? Is DAP binding to Dsh/Dvl a
cause of, or a consequence of, upstream signaling by each of
the different Wnt pathways? Is DAP binding intended to
distinguish the involvement of Dsh in one or another
pathway, or does it strengthen or reinforce the maintenance
of Dsh activity in a particular pathway? Which “upstream”
proteins that signal to Dsh specify activity in each path-
way? How does Dsh respond to those signals? How does
Dsh transmit the signals to “downstream” or effector
components? Axin, Daam1, and MuSK are the only DAPs
whose study thus far has revealed a (potentially) clear
visualization of the consequences of the interaction: Dsh
blocking Axin’s critical role in scaffolding components of
the -catenin “destruction” complex; Daam1 recruiting a
putative PCP effector molecule, RhoA; and a MuSK/Dvl1
interaction recruiting PAK1. Visualizing the precise action
and consequences of the other 13 DAPs is more challeng-
ing.
The biochemical activities of Dsh are not fully known. Is
Dsh a “dumb” scaffold protein, or does it promote catalysis
of some sort? If so, what is the nature of the catalysis? Of
note, none of the DAPs, except for Par-1, was identified
through native purification of a Dsh-containing protein
complex from animal tissue undergoing a physiological
signaling event. What is the composition, activity, and
subcellular locus of action of each physiological Dsh-
containing protein complex in a competent cell processing
each type of Wnt signal? How might the composition of
each Dsh-containing complex vary with organism, in each
tissue type, and in divergent species? The lack of clear
GBP/Frat and Frodo/Dpr homologs in invertebrates sug-
gests that vertebrate Dsh-containing protein complexes
may be regulated, in part, in a manner distinct from
invertebrate complexes, potentially limiting the value of
Drosophila and C. elegans genetics in dissecting certain
nuances of the vertebrate Wnt pathways.
Many studies have examined phosphorylation of Dsh/
Dvl either in in vitro assays or under signal transduction
pathway activity conditions that are completely ON or
OFF. While such experiments have confirmed that Dsh
phosphorylation is germane to Wnt signaling, the roles for,
substrate sequence of, and relevant kinase or phosphatase
that act upon each of the potentially dozens of distinct
phospho-Dsh species are unknown. The recent discovery of
sequential -catenin phosphorylations by CK1 and GSK3
(Amit et al., 2002; Gao et al., 2002; Yanagawa et al., 2002)
should provide inspiration. There, the phosphorylation
sites in -catenin were well defined, conserved between
widely divergent organisms, and their secrets were revealed
by phospho-specific antibody reagents. Such reagents,
coupled with mutagenesis studies, will be crucial probes for
characterizing the multiple forms of phospho-Dsh species
and their protein complexes.
While much effort has been directed at understanding the
biochemistry of the -catenin phosphorylation/destruction
complex, less effort has been expended at understanding its
spatial regulation in physiologically relevant systems, with
which Dsh must ultimately communicate. How does Dsh
communicate with the destruction complex? Does Dsh
recruit the complex to locations where Dsh already resides,
or does Dsh travel from one point in the cell to another?
Might dynamic studies of Dsh movement reveal these
intracellular travel routes? Subcellular localization studies
of known destruction complex components have not been
helpful in this regard, as they have not yet revealed an
unambiguous subcellular location or particular structure.
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In one report, plasma membrane anchoring of Dsh via
N-terminal myristoylation recruited Axin to the membrane
(Smalley et al., 1999), but these results provide little insight
into the normal means by which Dsh binds Axin, or vice
versa. If Dsh indeed contacts the -catenin destruction
complex directly, then where in the cell does this occur?
The apparent unity of PCP and CE signaling pathways in
divergent animals is one of the most exciting findings in
many years of investigation of tissue polarity phenomena.
That the PCP proteins themselves localize to particular
membranes during PCP signaling suggests that polarizing
events occur at epithelial cell membranes. But what are the
macromolecular structures of Dsh and relevant DAPs dur-
ing these signaling events? This question may ultimately be
approached by a combination of FRET and structural deter-
minations using cryoelectron microscopy and crystallogra-
phy.
Finally, the function of several DAPs has been inferred by
overexpression studies, which, when performed in isola-
tion, can be misleading. Because protein complexes largely
mediate metazoan signal transduction, any overexpression
assay, while rapid and providing valuable clues to function,
ultimately asks, if the protein normally acts in a complex,
whether the overexpressed protein is capable of disrupting
that complex (or nucleating new complexes) with conse-
quent effects on signaling. When the overexpressed protein
(such as a kinase) has catalytic activity, one must also be
concerned about its promiscuous action on nonphysiologic
substrates. The ultimate importance of each of the Dsh/
DAP interactions and their subcellular localizations must
be tested in animal systems in which a specific mutant
protein can be expressed at levels comparable to the endog-
enous protein while engaged in biological process(es) in
which the endogenous protein is known to normally func-
tion. Similarly, biochemical purifications must focus on
native, functional protein complexes.
Genetic epistasis studies in Drosophila first revealed the
information flow scaffold in the Wnt/-catenin signaling
pathway, from Wg to Dsh to GSK3 to Arm/-catenin
(Noordermeer et al., 1994; Siegfried et al., 1994). Eight years
later, that scaffold, ever sturdy, has been modified and
decorated by dozens of additional proteins. When future
experiments—that will no doubt demand tenacity, creativ-
ity, and more powerful tools—reveal the stepwise molecu-
lar and cellular mechanisms by which Dsh and the DAPs
function in each Wnt signaling pathway and tissue, we will
truly have found something pleasant.
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Note added in proof. While this manuscript was in press,
Capelluto et al. (Nature 419, 726–729) show that DIX is a predomi-
nantly alpha helical domain with distinct residues that target Dv12
to cytoplasmic vesicles or actin stress fibers, implicating the
former with activity in the Wnt/-catenin pathway, and suggesting
that the latter may mediate activity in the PCP-CE pathway.
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